Human leukemia frequently involves recurrent translocations. Since radiation is a well-known inducer of both leukemia and chromosomal translocations, it has long been suspected that radiation might cause leukemia by inducing specific translocations. However, recent studies clearly indicate that spontaneous translocations specific to acute lymphocytic leukemia (ALL) actually occur much more frequently than do leukemia cases with the same translocations. Moreover, the ALL-associated translocation-bearing cells are often found to have clonally expanded in individuals who do not develop ALL. Since radiation-induced DNA damage is generated essentially randomly in the genome, it does not seem likely that radiation could ever be responsible for the induction of identical translocations of relevance to ALL in multiple cells of an individual and hence be the primary cause of radiation-related leukemia. An alternative hypothesis described here is that the radiation-related ALL risk for a population is almost entirely attributable to a small number of predisposed individuals in whom relatively large numbers of translocation-carrying pre-ALL cells have accumulated. This preleukemic clone hypothesis explains various known characteristics of radiation-related ALL and implies that people who do not have substantial numbers of preleukemic cells (i.e. the great majority) are likely at low risk of developing leukemia. The hypothesis can also be applied to chronic myelogenous leukemia and to young-at-exposure cases of acute myelogenous leukemia. ᭧
INTRODUCTION
Radiation is one of the best-known etiological agents of leukemia (1) . The most impressive example is fetal exposure in which diagnostic low-dose X-ray exposure [of the order of 10 mSv, ref. (2) ] increased the background rate of 1 Address for correspondence: Department of Genetics, Radiation Effects Research Foundation, 5-2 Hijiyama Park, Minami-ku, Hiroshima 732-0815, Japan; e-mail: NoriNakamura@rerf.or.jp. childhood leukemia by 50% (3) . The underlying mechanisms have not been clarified, however.
Three lines of evidence have been interpreted as indicating that radiation might increase the risk of leukemia in exposed people by inducing leukemia-specific translocations: (1) The dose response for the excess risk of leukemia as a whole is curvilinear (1), (2) human leukemia is frequently found in association with recurrent translocations (4) , and (3) radiation is a known inducer of dicentrics or translocations, for which the dose response is curvilinear (5, 6) . There are also studies that show that radiation exposure is indeed capable of inducing BCR/ABL gene fusions that are specific to chronic myelogenous leukemia (CML) (7) and RET/PTC1 gene fusions that are specific to thyroid cancer (8) in cultured cells in vitro, although the radiation doses used were quite large (i.e. 50 to 100 Gy).
This naive interpretation recently became open to challenge for two main reasons. The first is that most translocations associated with acute lymphocytic leukemia (ALL) do not convert the target cells that carry them into leukemia cells, while the second, and more important, is that translocation-bearing cells often seem to undergo clonal expansion in healthy individuals, most of whom will never acquire the disease [see ref. (9) for review]. Since it is well known that radiation exposure induces essentially random damage to DNA in the genome (10) , there would appear to be no way in which a single exposure to radiation could produce multiple cells carrying precisely the same leukemia-specific translocation in any exposed individual.
The above considerations lead us to think that individuals carrying multiple cells with identical leukemia-specific translocations must be present in the population prior to radiation exposure, and that it is only these individuals (one can think of them as preleukemic cell carriers) who are at real risk of developing leukemia after radiation exposure. This would imply that radiation exposure is of critical importance in the causation of ALL because of its ability to induce an additional mutation in a pre-existing preleukemic cell. This preleukemic clone hypothesis explains a number of the known features of radiation-related leukemias that occur in radiation-exposed people. 
RADIATION-RELATED ALL

Characteristics of ALL Risk in A-Bomb Survivors
Although risk estimation was not possible in the first 5 years after the bombings (i.e. 1945-1949), some information on leukemia was being collected, and there are indications that an excess risk of leukemia (all types together) had already begun to appear during the period from 1948 to 1950 (11) . Only a limited number of leukemia cases appear to have been examined cytogenetically [see for example ref. (12) ].
The estimated excess absolute risk (EAR) of ALL in Abomb survivors has several characteristics (Fig. 1) ; namely, (1) the risk reached a peak within 5-10 years of radiation exposure and then declined continuously regardless of age at the time of exposure, (2) the magnitude of the risk appeared to be inversely related to age at the time of exposure, and (3) the risk in females was about half that in males (1) .
Characteristics of Background ALL
ALL mainly affects children and (to a lesser extent) the elderly, so that the age-specific rate shows a broad Ushaped pattern [ Fig. 2 , ref. (13)]. The underlying mechanisms involved in the development of ALL appear to differ in children and adults. For example, while t(4;11) AF4/MLL is clearly associated with ALL in children who are less than a year old [50% to 80%, ref. (14) ], t(9;22) BCR/ABL is rare in pediatric ALL but common in adult ALL patients who are Ͼ60 years old, where it is present in Ͼ20% of cases (15) . Cases showing hyperdiploidy (Ͼ50 chromosomes) are common among young ALL patients but quite rare in older ones (15) . The major ALL-specific translocations are t(12; 21) (16-29% of total ALL), t(1;19) (6%), t(9;22) (3%-4%), and t(4;11) (2-3%), with hyperdiploidy (20-25%) and hypodiploidy (5%) also being observed (4) . The karyotypes of some 30% of ALL cases appear to be normal (15) .
Mori et al. recently screened cord blood samples for the presence of TEL/AML1 fusion gene transcripts derived from t(12;21) (the most prevalent translocation in pediatric ALL) by RT-PCR and found six positive cases among nearly 600 samples (16) . The frequency in cord blood samples is therefore ϳ1%; this is some two orders of magnitude higher than the frequency of pediatric ALL patients with this translocation, where estimates of the background cumulative risk for 0-15 years of age range from 1 in 10,000 (16) to 1 in 12,000 (9) . Clearly possession of t(12;21) is not in itself enough to cause ALL. More importantly, Mori et al. also examined a few of the samples which contained TEL/ AML1 fusion gene transcripts by fluorescence in situ hybridization (FISH) and found that the translocation-bearing cells were present in about 1 per 1,000 B or pre-B cells (i.e. the target cells at risk of ALL) (16) ; this would appear to provide clear evidence of clonal expansion. Such findings would appear to indicate that the translocation-bearing cells are preleukemic but mostly nondetrimental; it may be that they remain quiescent, or even that the population of affected stem cells shrinks (see below) after birth unless and until additional mutational events initiate further expansion toward malignancy.
The fact that one cell in a thousand bears the ALL-specific translocation suggests that a large clonal expansion has occurred. However, if the cells do have a growth advantage, it is difficult to explain why the background rate of ALL declines with increasing age (Fig. 2 ). An alternative interpretation could be that the relevant translocations do not necessarily provide a strong growth advantage (positive selection) to the cells but rather that they occur at an early stage of fetal life when the number of hematopoietic stem cells (or their precursor cells) is still small. This is consistent with the fact that no overt signs of leukemia are observed in mice transgenic for the TEL/AML1 fusion gene with an early B-cell-specific enhancer/promoter (17) . This interpretation is attractive, because their being neutral would better explain the decreasing background rate of ALL, given that, for example, the absolute number of translocation-bearing stem cells could be expected to decrease when they commit to differentiation in the normal course 260 NORI NAKAMURA of development of the immune system, i.e. with increasing age.
Proposed Hypothesis for Radiation-Related ALL
As mentioned above, 1% of newborns may contain approximately one cell with a leukemia-relevant translocation per 1,000 target cells at risk (16, 18) . It is therefore possible that any given population will include a small subgroup of individuals who have spontaneously acquired a clonal population of preleukemic cells that have nothing to do with their radiation exposure histories; the numbers of such individuals would be in proportion to the frequency of ALL cases in the total population, but there would be ϳ100 times as many of them; these individuals would be preleukemic cell carriers who are at real risk of developing ALL. The role of radiation would then be to induce additional mutations in target preleukemic cells, such that each additional mutation would push the affected individual one step further along the pathway to malignancy. One important implication of this hypothesis is that the great majority of people would not be in possession of clonally expanded populations of preleukemic cells and hence should be at little or no risk.
If we assume that this preleukemic clone hypothesis is correct, and (as has been reported) that the background rate of ALL declines relatively rapidly with age from birth until puberty (13), it would not seem unreasonable to assume that there will be a comparably rapid decline in the agespecific EAR for radiation with increasing age at the time of exposure. This is precisely what has been found in previous studies of the risk of ALL among A-bomb survivors (see Fig. 1 ). Similar reasoning could help to explain the sex difference in EAR [which is nearly twice as high in male survivors as female survivors; see ref. (1)], given that the background rates of ALL in males who are less than 20 years old are about 60% higher than we see in their female counterparts (Fig. 2) . The relatively short latent period before leukemia appears is perhaps best explained on the basis that only a few events are likely to be involved in the conversion of pre-ALL cells to malignancy. Another issue concerns the rapidly declining trend in risk after the peak that occurs at 5-10 years postexposure (Fig. 1 ). This could be because those individuals who had acquired an additional, critical leukemia-relevant mutation in their pre-ALL clone developed leukemia within a limited lag time after exposure, and therefore, the longer the time elapsed, the less likely it is that they have acquired such mutation and consequently would develop leukemia.
One additional factor that could be important involves forced stem cell multiplication, which takes place mainly during a relatively short period of recovery from radiationinduced cell death; that is, the acquisition of leukemia-relevant genetic changes itself may not be enough to efficiently convert preleukemic cells into leukemic cells. Supporting evidence for my thinking stems from the development, albeit rare, of donor-derived secondary ALL in primary leukemia patients who receive bone marrow transplants from sex-mismatched siblings in the course of their treatment. Interestingly, these secondary ALL cases mainly occur within 3 years of receipt of the relevant transplant (19) ; this is a much shorter period than is usual for the emergence of ALL in A-bomb survivors, but its relative brevity can almost certainly be understood by taking into account the nearly complete depletion of hematopoietic cell populations in transplant recipients, whereas the extent of depletion in the A-bomb survivors must have been much less. A key point that should be borne in mind is that none of the donors developed leukemia. Thus any preleukemic cells that were present in the donors must have remained inert, and presumably, therefore, it was only when these cells were exposed to the unusual environment with plenty of growth factors in the recipient that they were converted into leukemic cells. Because the recovery processes from radiation injury facilitates clonal expansion of surviving cells, some of which may be preleukemic, such a scenario might well contribute, at least in part, to tumor promotion. This would be especially so if, as is suspected, radiation exposure causes genomic instability (12, 20) . Our recent studies on clonal chromosome aberrations in T lymphocytes of A-bomb survivors indicate that expansions of cytogenetically marked clones took place mainly in the first few years after exposure and then simply stopped occurring (21, 22) .
The present hypothesis also predicts that even though the estimated EAR of developing ALL in the 40-year-old group appears to be lower than it is in the 25-year-old group (Fig.  1) , the actual risks may not differ very much given the similarities in their respective background rates (Fig. 2) .
While the hypothesis assumes that radiation-related risk of leukemia is not caused by direct induction of leukemiaspecific translocations but by additional mutations to preleukemic cells, a fraction of patients with secondary leukemia (both ALL and acute myelogenous leukemia; AML) after treatment of their primary malignancies with chemotherapy, especially with topoisomerase II (Topo II) inhibitors, are known to have specific translocations involving the MLL gene at 11q23 (4) . Therefore, one might interpret the observations as indicating that acute exposure to some exogenous agents could directly induce specific translocations in human hematopoietic stem cells. This is probably not the case in a strict sense, however, because it is generally believed that Topo II inhibitors induce DNA breaks by interfering with the ligation through stabilizing the topoisomerase-DNA complexes, which is part of cellular responses [see ref. (23) for review].
Possible ALL Risk to Predisposed Individuals
Comparisons of the population risk of developing ALL with individual risks are summarized in Table 1 . Here, in estimating the number of cumulative cases of ALL in the background, only those cases were considered that occurred (0.05%). The corresponding value in predisposed individuals was estimated as 25 times the value for the population, or 1.25%.
b The radiation-related total of excess cases of ALL in a population was estimated from Fig. 1 assuming that the mean EAR in the first 5 years after the exposure was half of the peak value at the fifth year, i.e. about 60 excess ALL cases per 10 4 persons in a population (males) if exposed to 1 Gy at ages Ͻ20 years. If exposed at 20-39 years of age, the value was roughly half of the value for those exposed at Ͻ20 years of age. The corresponding values for the predisposed individuals were estimated by multiplying the value for the population as a whole by 25. prior to the age of 40 because increasing background rates after the age of 40 (Fig. 2 ) are likely to be unrelated to mechanisms that originated in the fetus. From Fig. 2 , a general population should contain about 5 persons per 10 4 who will develop ALL by age 40 (1 in 2,000 or 0.05%). This value is likely to vary somewhat from population to population but is of roughly the same order of magnitude as the widely accepted estimate of 1 in 2,000 for any leukemia by age 15 (i.e. in the age group where ALL predominates) (9) . In the case of individuals who have acquired clonally expanded populations of preleukemic cells during fetal life, the cumulative probability of developing ALL by age 40 would appear to have increased by ϳ25-fold (see below) to become about 125 per 10 4 preleukemic cell carriers (1 in 80, 1.25%).
The estimate of a 25-fold increase is based on the following reasoning: (1) Pediatric ALL of both t(12;21) translocation-positive and -negative patients shows the same peak onset age of 1-5 years (24); (2) t(12;21) translocations are found in about one-fourth of total pediatric ALL cases (24); and (3) about 1% of newborns carry apparently expanded clonal preleukemic cells harboring the t(12;21) translocation (16, 18) . Consequently, about 4% of newborns should carry clonally expanded preleukemic cells of one type or another if it is true that all pediatric cases of ALL are preceded by expansion of a preleukemic cell population (see below). This means that both the background rate and the EAR for the development of ALL after radiation exposure are almost exclusively attributable to the 4% of predisposed individuals in a population; the RR of these predisposed individuals should therefore be roughly 25 times (1/0.04) higher than conventional estimates of the risk to the population as a whole.
In making the above calculations, I assumed that not only translocation-type ALL cases but also ALL cases involving hyperdiploid or normal karyotypes are likely to be preceded by clonal expansions of preleukemic cells. This is because the results of a recent study of T-cell ALL (25) indicated that abnormal expression of transcription factor genes (i.e. oncogenes that are frequently involved in the T-cell ALLspecific translocations) is not uncommon in ALL cells whose karyotypes are normal. By analogy, it is possible that certain other genes involved in pre-B-or B-cell ALLspecific translocations will also show up in deregulated mode in ALL cells that have a normal karyotype, in which case there may have been clonal expansion of the relevant preleukemic cells prior to birth. In the case of hyperdiploid ALL, the same Ig gene rearrangements seen in leukemia cells were also detected in tests of newborn blood spots (26) . This finding indicates only that the leukemic cells and the small number of fetal cells were in the same B-cell lineage and does not prove that the fetal cells were preleukemic. There is one other important observation that supports the view that the hyperdiploid state is an early event. Namely, it relates to an ALL case involving trisomy 14 in which three different Ig gene rearrangements that were observed in the tumor and were specific to each chromosome 14 were all clearly evident in tests on newborn blood spots (27) ; this clearly shows that an event involving the gain of one chromosome 14 must have preceded the occurrence of all three of the Ig gene rearrangements that were observed in the tumor cells.
Let us return now to the risk of developing radiationassociated ALL in preleukemic cell carriers (Table 1 ). If we assume that carriers were exposed to 1 Gy of radiation at Ͻ20 years of age, the probability of their developing ALL can be expected to increase from the background level (ϳ125 per 10 4 ) to ϳ1,500 per 10 4 carriers (i.e. 1 in 7, 15%) (see the footnote to Table 1 for an explanation of how this number was derived); by contrast, the probability of non-predisposed people (i.e. the great majority who are not carriers of pre-leukemic cells) developing ALL will be, for all intents and purposes, zero. In carriers who were exposed when they were between 20 and 40 years old, the total excess number should be roughly half of the excess number observed in carriers exposed when Ͻ20 years old (see Fig.  1 ).
It is interesting to note that predisposed individuals are likely to have a cumulative risk of developing ALL within 25 years of radiation exposure that is about 25-fold higher than the risk experienced by the population as a whole, and that this difference may be independent of age of exposure. This is because both the background rate of ALL (Fig. 2) which suggests a function of the proportion of predisposed individuals in a population-and the mean radiation-related EAR of ALL in a population (Fig. 1 ) tend to decrease with increasing age, at least up to age 20. In other words, the higher radiosensitivity of younger people, which has previously been difficult to explain, may no longer be quite so mysterious given that younger population groups are almost certain to contain a higher proportion of predisposed individuals than older population groups.
ALL-SPECIFIC TRANSLOCATIONS OCCUR MAINLY IN EARLY FETAL LIFE
It seems certain, at least in translocation-type pediatric ALL, that the majority of cases start from the emergence during fetal life of ALL-specific translocations [see ref. (9) for review]. Here I explain, based on the results of early epidemiological studies, that most of the initial translocation events occurred during the first trimester.
In the best known of these studies, Stewart et al. conducted a large-scale retrospective study of pediatric cancers (Oxford Survey of Childhood Cancers, OSCC) and found that fetal exposure to low-level diagnostic X rays [where the estimated dose was of the order of 10 mGy; see ref. (2) for review] increased the risk of leukemia and solid cancers by about 50% above the background rate before the exposed individuals attained the age of 15 years (3). About 50% of the pediatric leukemias were ALL and ϳ20% were AML (3). The present hypothesis assumes that the excess risk of ALL is closely associated with the presence of preleukemic cells prior to radiation exposure. That is, if it were not present in fetuses, the excess risk should be very much lower. In this respect, trimester 2 and 3 fetuses appear to have equal sensitivity, with a relative risk (RR) for trimester 2 and trimester 3 fetuses of 1.29 and 1.30, respectively (28) . The RR for first-trimester fetuses [RRϭ3.19; see ref. (28)] appears to be higher than the values for later trimesters, although this higher value may well be complicated by the larger mean number of X-ray films taken (28) and the higher mean doses per film (2) . Nonetheless, there is little doubt that first-trimester fetuses are at least as sensitive as laterstage fetuses. It can be concluded, therefore, that the predisposing events for pediatric ALL and AML occur mainly during the first trimester. This may explain the apparent discrepancy between (1) the finding by Mori et al. that the pre-ALL condition is present in one out of 1,000 pre-B or B cells at birth, a finding that indicates a significant clonal expansion (16) , and (2) the finding by Andreasson et al. that the possession of an ALL-specific fusion gene does not provide the affected cells with a growth advantage in transgenic mice or with growth factor independence in cultured cells (17) .
As discussed below, in addition to explaining the risk of ALL, this hypothesis also explains in straightforward ways the radiation-associated risk of both CML and, to a lesser extent, AML.
APPLICATION OF THE HYPOTHESIS TO THE RISK OF CML
CML is a disease that mainly affects elderly people [the incidence increases with the square of age, ref. (29)], and t(9;22) or BCR/ABL gene fusions are detected in virtually all cases of CML (4). Further, BRC/ABL fusion transcripts are frequently present in the white blood cells of ordinary individuals (30, 31) , and the translocation itself does not seem to cause the cells to become malignant [cited in ref. (29)]. Four major observations concerning CML risks in Abomb survivors (1) are discussed in turn.
The temporal risk pattern for CML is similar to that for ALL. Given that BCR/ABL translocations are common and that the number of additional mutations which are required for the conversion of translocation-bearing preleukemic cells into tumor cells may well be quite small (29) , the present hypothesis explains the rapid initial increase followed by the decay in the EAR of CML using exactly the same reasoning as was used for ALL.
An EAR was detected in Hiroshima survivors but not in Nagasaki survivors. There are, however, two major factors that may explain this difference; namely, (1) the Nagasaki cohort was about half the size of the Hiroshima cohort, and (2) the background rate of CML in the former population was less than about one-third the rate in Hiroshima. These factors combine to make the absolute number of predisposed individuals smaller in Nagasaki, so that the EAR probably could not have reached statistical significance. This reasoning agrees with that of the study authors (1). It should be noted that the RRs observed in the two cities do not appear to be significantly different (1) .
The EAR observed in Hiroshima survivors was lower in females than in males. This observation is in accord with expectation, given that the background rate in females was about 50% lower than in males (1) .
The EAR appears not to depend on age. Although the present hypothesis predicts that the EAR should be larger for exposures at older ages because the background rate of CML increases with the square of age (29) , it may be that a discrepancy results from the problems that are typically 
APPLICATIONS OF THE HYPOTHESIS TO THE RISKS OF AML
Recurrent translocations are also known in AML. They include t(8;21)AML1/ETO [predominantly found in young patients, ref. Moreover, as observed for ALL-specific translocations, an AML-specific translocation seems insufficient to cause malignancy. Thus, for example, when Mori et al. screened cord blood samples for the presence of AML-specific transcripts from the t(8;21) AML1/ETO fusion gene, they found one positive case in about 500 samples (ϳ0.2%) (16)-a frequency that is again two orders of magnitude higher than the frequency of pediatric AML patients with the same translocation, given that the cumulative risk for age 0-15 years is one in 80,000 (9, 16) . Interestingly, Mori et al. (16) also found that about one per 1,000 panmyeloid cells in the one RT-PCR positive sample for AML examined was carrying the t(8;21) translocation.
On the other hand, the changes in EAR for AML with age at exposure to radiation are quite complex (Fig. 3) . If people were exposed to radiation at Ͻ20 years of age, the EAR appeared to peak within 5-10 years of exposure, only to decline thereafter as in ALL and CML. By contrast, for exposures at 20-39 years of age, the risk stayed fairly constant after exposure. In people exposed at age 40 or older, EAR increased steadily with years since exposure, with a pattern like that in solid cancers (36) .
The key information that is needed to explain the risk pattern includes the peculiar age dependence in background rate of AML subtypes according to chromosomal characteristics. Thus, although AML as a whole mainly affects elderly people, the background rate of translocation-type AML remains almost constant with age (37, 38) , and the net effect is that translocation-type AML is predominant among young patients (Fig. 4) . The temporal pattern of EAR for young survivors exposed when Ͻ20 years old is therefore best explained by the presence of clonally expanded translocation-type pre-AML cells in individuals prior to their being exposed to radiation. By contrast, non-translocation-type AML probably predominates in middle-aged and older patients (Fig.  4) . This may mean that the temporal pattern of EAR for survivors exposed at Ͼ40 years resembles that of solid cancers in developing through a multistep process in which radiation exposure is responsible for one step (39) , in which case the EAR of AML would be expected to increase with years since exposure (36) . People exposed at 20-40 years of age might well then be a mixture of translocation-type and non-translocation cases and hence could be expected to give rise to an EAR that remains more or less constant with time.
While there is evidence for an increased EAR for ALL, AML and CML in the A-bomb survivor population, it is only in AML that we see a curvilinear dose response that is statistically significant (1). Since we assume that radiation exposure adds one event to the series of events that lead to the malignant phenotype, one might well expect that the dose-response curve would be indicative of single-hit kinetics. The fact that it turns out to be curvilinear does not rule out the involvement of a single hit, however, given that mutation induction at a single gene does not always give rise to a linear dose response. Support for this thinking comes from a review of the data on the induction of mutations at one particular HPRT locus; such data when plotted may be indicative of either a linear dose response [in normal skin fibroblasts; ref. 
POSSIBLE APPROACHES TO TEST THE HYPOTHESIS
If clonal expansion of cells with ALL-specific translocation was the only predisposing condition and the other two types, hyperdiploid and apparently normal karyotype, were not predisposing, then the present hypothesis predicts that the translocation-type ALL would predominate among the excess cases of early-onset ALL, especially among survivors exposed when Ͻ20 years old. On the other hand, if all three types were preceded by the expansion of preleukemic cells, it is unlikely that the spectra of ALL subtypes would differ between early-and late-onset cases. This is particularly true for CML, where essentially all cases are positive for the BCR/ABL gene fusion (4) . In this regard, it might be only for AML that we can test the hypothesis; namely, early-onset cases among the survivors exposed at age 20 or younger would be expected as preferentially translocation-type AML. By contrast, since non-translocation-type AML seems to be dependent upon the accumulation of multistep changes, they would not be expected to give rise to excess cases with a short latent period after exposure at ages Ͻ20 years.
In practice, frozen specimens of these early cases do not exist, so leukemia cells in paraffin-embedded autopsy tissue samples are probably the only choice available for analysis. Since recent studies indicate that relevant translocations or fusion gene transcripts can be detected on paraffin-embedded tissues with RT-PCR (43) or FISH (44) , respectively, the hypothesis might be tested in these samples.
A complementary approach would be to create mouse models in which human ALL-or AML-specific fused genes are expressed. Transgenic mice expressing a TEL/AML1 fusion cDNA exist, and the animals did not develop ALL spontaneously (17) . Also, transgenic mice expressing an AML1/ETO fusion cDNA did not develop spontaneous AML but did so at high frequency after treatment with ethylnitrosourea (45) . It seems likely that the animals in question are also predisposed to radiation-induced leukemia, but to my knowledge such studies have not been reported.
CONCLUSION
The hypothesis that a small fraction of the human population consists of people who are predisposed to radiationrelated leukemia neatly explains virtually all of the characteristics of the EAR of leukemia seen in the A-bomb survivor cohort. If this hypothesis is correct, it may become important to think about, in addition to the current risk estimation to a population, individual risk estimation in which the key factor will be whether any given individual is a carrier of clonally expanded preleukemic cells. Detecting individuals at risk will not be easy, because adult carriers of leukemia-specific translocations of kinds of relevant to ALL (18) or CML (30, 31) are relatively common in blood cell examinations. The present hypothesis also suggests that while the risk to the small proportion of people who carry preleukemic cells is high, the risk to most non-predisposed people of developing radiation-induced ALL or CML (or AML if young) would be very low.
